. Geological map of Iran representing the main structural zones of Iranian plateau (modified after Aghanabati, 2004) , with location of study area and adjacent cities. outcrops. Despite this study and those conducted by Masoumi (2010) and Abedini et al. (2011) , little is known about the Kejal kaolin.
Most of the previous studies in this area were either general geological studies or are not related to the kaolins of the area. Faridi and Anvari (2000) studied the geology of the Hashtjin area in detail and prepared the geological map of this area in 1:100,000 scale. Hajalilou (1999) and Moayed (2001) studied the geology of the area from petrological and mineralization points of view. Moghadami (2011) investigated the zeolite occurrences in the Kejal area.
With regard to high demands for kaolin as a raw material in many industries such as paper and ceramic manufacturing, the identification of high-quality kaolin deposits is a requirement in order to supply the required kaolin for these industries and also to classify the existing kaolin resources based on their quality and appropriate uses.
Considering the importance of the Kejal kaolin deposit, the authors of the present work attempted to evaluate the Kejal deposit from the geochemical and application points of view. These evaluations will lead us to identify the quality of this kaolin deposit and determine the most suitable application fields for this deposit.
Geological setting
The Tarom-Hashtjin area is located in the western part of the Alborz range. According to the latest structural classifications of the Iranian plateau, this area is considered as a subzone under the Alborz-Azerbaijan structural zone (Stocklin, 1977; Alavi, 1996) . The Tarom-Hashtjin subzone is characterized by its gentle thrusts with a SW trend and a considerable increase in crust thickness in the NE-SW direction. These geological events are the result of a quick uplift due to Austrian orogeny, which might be evidenced by movements of the Gizilozan valley. The Kejal-Shamsabad alteration zone covers an area of ~25 km 2 around the Gizilozan valley and includes different types of chloritic-sericitic-argillic-silicic alterations (Hajalilou, 1999) . The parent rocks of these alterations in many points are volcanic tuff, ignimbrite, andesite-basalt, volcanic breccia, and rhyolites. The excessive hydrothermal silica precipitations are the main characteristics of this zone.
These units are usually observable in white, yellow, and lime colors. The yellow and lime colors are the result of pyrite decomposition and the presence of abundant sulfur in altered zones. The sulfur content of some units reaches 32,000 ppm. Geologically, the study area shows the characteristics of a volcanic setting including volcanic tuffs, ignimbrite, and trachyandesite lavas. Alteration as a remarkable feature in lithological units has covered a vast area and developed in tuffaceous and ignimbritic units more than trachyandesites (Figure 2a ). The age of these units is Eocene (Faridi and Anvari, 2000) .
Field observations show several faults with different trends in the study area. The injection of hydrothermal fluid along these faults and fractures has caused the formation of kaolin from the ignimbritic parent rock (Figures 2a, 2b, . Alteration-related textures such as Liesegang rings or Cockade structures are easily visible in different parts of the area (Figure 3e ). These textures are often created by rhythmic precipitations controlled by fissures and cracks, which act as conduits for the hydrothermal solutions. The rings are different in chemical composition and the redcolored rings are usually Fe-rich layers (Masoumi, 2010) . In some parts of the kaolinized zone, massive outcrops of silica sinter are seen. This sinter contains fine-grained minerals such as opal and cristobalite. However, large crystals of quartz (1.5 cm) in a medium-sized quartz context (2 mm) can also be identified in the Kejal mining area, which are suitable for fluid inclusion studies.
Materials and methods
After detailed fieldwork and frequent observations of lithological properties, fault and fracturing systems, and existing alterations, the geological map of the area was prepared in the local scale and sampling was done via both systematic and random methods. The most suitable samples were selected for chemical analysis and petrographic studies. Sampling was carried out along a profile of ~200 m across the kaolin deposit. A total of 10 samples were taken from the kaolinized zone at 10-m intervals on the basis of changes in their physical characteristics. The selected samples were dried, ground in an agate mortar, sieved, and prepared for analysis.
The mineralogy of the parent rock was determined by examining thin sections under a polarizing microscope. For the identification of mineral phases for clayey and nonclayey minerals, identification analyses were done using X-ray powder diffraction (XRD) analyses (diffractometer model: Philips-Xpert Pro) at the Iran Mineral Processing Research Center.
The major and minor oxides and trace elements were determined via inductively coupled plasma emission spectrometry (ICP-ES). Rare earth element (REE) contents were determined by inductively coupled plasma mass spectrometry (ICP-MS) at the ALS Chemex Laboratory (Vancouver, Canada) with 0.1-0.2 ppb detection limits. Some other samples were analyzed using X-ray fluorescence (XRF; Philips PW1480) in the laboratory of the Iranian Geological Survey.
The LOI values were measured in the mentioned laboratory by ignition of the samples (1000 °C for 1 h). The SEM images were taken using a VEGA TESCAN-LMU and FESEM MIRA3 TESCAN-XMU in the Razi Metallurgical Research Center of Iran. These images were taken at an accelerating voltage of 3-30 kV controlled by the VEGA TC.
In order to obtain the particle sizes of the studied samples, the prevalent hydrometer method was used in this study. Two samples from the pure kaolin unit (KK1 and KK4, close to the K05 sampling point) were selected for particle size testing. To measure the weight of the samples a scale with sensitivity of 0.01 g was used. A No. 10 sieve (2 mm) was used in the primary preparation of the powders. A sedimentation cylinder with height of 457 mm and diameter of 63.5 mm was also used in this process. The sensitivity of the used thermometer was half of a degree in Celsius and sodium hexametaphosphate was used as a dispersing agent (ASTM, 1998).
Results

Petrography and mineralogy
Ignimbrite, as the precursor rock of the kaolinized unit, has a considerable outcrop in the west of the kaolinized zone (Figures 2a and 2b ). Kejal ignimbrite is red-brown in color (Figures 3a and 3d ) and shows a welded texture in hand specimens and eutaxitic texture in the rock context. Although this ignimbrite unit has experienced severe kaolinization, fairly fresh and least altered samples were prepared for petrography and microscopic studies. The ignimbrite samples show large euhedral K-feldspar crystals in a glassy context under the microscope. Plagioclase is present in phenocryst and needle shapes and is often accompanied by clinopyroxene (augite) (Figures 3f, 3g, and 3h) . Volcanic glass is one of the main constituents of the parent rock and in some cases makes up 40% to 50% of the whole thin sections (Figures 3f, 3g, and 3h) . Pyrite is the only metallic mineral observed in the altered samples (Figures 3h and 3i ).
Trachyandesite lava flow is another main lithological unit in the study area. This rock type is texturally porphyritic and vitrophyric. Phenocryst and needleshaped plagioclases are obviously seen in the thin sections (Figure 3g ). The plagioclases are compositionally oligoclase-andesine. Augite is also present in thin sections as a minor constituent (Masoumi, 2010) .
The kaolin unit, which is considered as the main ore body in the study area, represents a white to brown color spectrum. The colors change from the hydrothermal fluid conduits outward such that the purest samples of kaolin are white in color ( Figure 3b ) and semialtered samples appear red or brown (Figures 3a and 3d ).
Based on the XRD analyses, the main mineral assemblages of the studied samples consist of kaolinite, quartz, cristobalite, and anatase (Figures 4a and 4b ). In the K02, K03, and K05 samples, which were taken from fully altered ignimbrite (pure kaolin), kaolinite is the main clay mineral. Quartz and cristobalite are found associated with kaolinite. As mentioned, plagioclase and K-feldspar are abundant in the ignimbritic precursor rock. Regarding the low resistance rates of these minerals against hydrothermal alteration, these minerals are easily altered to clay minerals, especially to kaolinite. The high frequency of silica polymorphs (quartz and cristobalite) is also obvious. This frequency can be related to the silicification of the altered units, which has caused the formation of mass silica bodies and even quartz crystals (1.5 cm) throughout the argillic alteration zone. Anatase is also seen as a minor mineral on XRD graphs. Figures 4a and 4b represent the XRD graphs of the studied kaolin samples.
Among the fully altered kaolin samples, the purest samples were selected for SEM studies. There is apparent concordance between the recognized minerals in electron microscope images and XRD results. The prepared SEM microphotographs are shown in (Figure 5b ). Flaky kaolinite is also present (Figures 5c and 5d ). White spheroidal particles are also observed on kaolinite crystals ( Figures  5c and 5d ). These particles are most likely cristobalite, which has also been detected in XRD analyses. The pyramidal and prismatic crystals are seen in Figures 6a-6c. These crystals are likely quartz, which is formed along veins and fractures.
Chemical analysis
The results of the chemical analysis are shown in Table 1 . These analyses reveal major oxides, trace elements, and REEs of the kaolinized unit and ignimbritic precursor.
The analysis of ignimbrite yields SiO 2 = 54.5, Al 2 O 3 = 15.4, Fe 2 O 3 = 6.05, CaO = 4.75, K 2 O = 2.95, Na 2 O = 2.79, MgO = 2.44, and TiO 2 = 0.76 wt.%. The main share of these elements has been removed during hydrothermal leaching. Although during the alteration process the concentration values of elements have been changed, concentration patterns with little changes are the same.
Physical properties
The physical properties of kaolins along with chemical characteristics of this ore mineral are important and the assessment of these parameters is necessary in order to determine their industrial applications. In this study, some physical parameters such as particle size, specific gravity, moisture content, natural and dry weight, saturated weight, volume of sample, water absorption, and viscosity were calculated and measured.
Particle size
The particle size distribution of clay minerals in kaolin samples is one of the main parameters to distinguish the applications of this material. The particle size of clays plays an important role in ceramic resistance, the shrinkage of kaolin paste, and its use for filler, coatings, and glossiness in the paper industry (Aref and Lei, 2009 ). Ryan (1978) and Vegliò et al. (1996) stated that the finer particles of kaolinite have great importance in the paper industry, as filler and coatings, in pharmaceuticals, and in the ceramic industry. The kaolin used in such cases should have particle size of 1-50 µm (Heinskanen, 1996) .
The calculated particle size for the studied samples using the hydrometer method is presented in Figures 7a and 7b. To obtain the particle size of the samples, a simplified equation for Stokes' law has been used (ASTM, 1998) .
( / ) D K L T = Here, D is particle diameter in mm; L is the distance of the level at which the density of the suspension is measured from the surface of the suspension (in cm), also known as effective depth; T is time elapsed from the beginning of the test until the time the reading is made in min; and K is a constant depending on the specific gravity of the soil particles and the temperature of the suspension (ASTM, 1998).
The obtained results from hydrometer analyses are provided in Table 2 and Figures 7a and 7b. As seen there, the acquired particle sizes for the studied samples represent medium-sized particles. The particle size distribution range for KK1 is 0.8-25 µm and for KK4 it is 0.76-33 µm. The frequency of particles of <2 µm among the studied samples is slightly more than 18%.
Other parameters
Other parameters such as specific gravity, moisture content, natural and dry weight, saturated weight, volume of the sample, water absorption, and viscosity were also calculated and measured for the studied samples. These parameters are listed in Table 3 . The measured specific gravity for the KK1 and KK4 samples are 2.45 and 2.62, respectively, as measured at 20 °C. The moisture contents of these samples are 0.379% and 0.866%. The obtained natural and dry weights and the saturated weight of the KK1 and KK4 samples are 42.16 g and 80.81 g, 42 g and 89.8 g, and 58.6 g and 89.8 g, respectively. The values measured for the volume of these samples are 39.5% and 12%. The water absorption amounts are 39.52% and 12.09% and the obtained viscosities of these samples are 37.9% and 39.3%. Viscosity is one of the main characteristics of kaolin in the process of quality evaluation. The resistance offered by a fluid to flow when subjected to a speed gradient or shear stress is a function of its viscosity (De Noni et al., 2002) . This is one of the major rheological properties of kaolin that determines its suitability in the paper, pulp, and paint industries. The paper production process requires adhesive slurries (dependent on viscosity) that can flow and give smooth, even coverage to coat papers and improve their surface properties. In this study, kaolin samples were made into slurries (50% solid) and their viscosities were determined using the workflow described by Beazley (1972) .
The approach involves making kaolin slurries of different concentrations by progressive dilution with water and then measuring the viscosities with a viscometer. The measurements were made with a viscometer at a specific temperature of 20 °C. A specific temperature datum was chosen because the aggregation of clay particles is known to vary with temperature changes. The result of the analyses shows that the viscosity of Kejal kaolin samples ranges from 37.9 to 39.3 P as shown in Table 3 . The viscosity of raw kaolin can be changed during processing. Low-viscosity kaolin slurries are needed in paper coating. As seen in Table 3 , the prepared slurries from Kejal kaolin samples show low viscosity ranges (37.9-39.3 P). This range of viscosity is suitable in the coating process, but if different degrees of viscosity are needed, the viscosity of the slurry will be changed using the change of particle size, pH, and solids and by adding special polymers (Qiu et al., 2017) .
Discussion
Geochemistry
Among the major oxides, SiO 2 , Al 2 O 3 , and TiO 2 show the highest concentration values in the kaolin samples ( Figure  8 ). The concentration patterns in the kaolin samples have the following order: SiO 2 > Al 2 O 3 > Fe 2 O 3 > TiO 2 > CaO > K 2 O > Na 2 O > MgO > P 2 O 5 . During the hydrothermal alteration process, the alkali and alkali earth elements were removed from the parent rock (Figure 9a ). The average SiO 2 value in analyzed samples is 73%. The highest concentrations of Al 2 O 3 and TiO 2 are 19.2% and 1.08%, respectively. In general, the Al 2 O 3 values in the purest and white kaolin samples should be in the highest amounts, but this rule does not apply in the studied samples.
All of the kaolin samples show a high SiO 2 content and suggest a silicification process that has affected the highquality kaolins. This event could be due to the replacement of the parent material by Si instead of Al (Jiménez-Millán et al., 2008) during hydrothermal alteration. Figure 8 shows major oxide contents in the studied samples. As can be seen, SiO 2 and Al 2 O 3 constitute the most important proportions of the composition of the whole samples. Figure 8 also represents the composition of Kejal kaolin compared to some kaolin samples around the world.
The major oxide variation patterns normalized to the composition of ignimbritic parent rock is shown in Figure  9a . The strong positive TiO 2 anomaly is clearly observable in this diagram. With a quick glance at TiO 2 values (Table  1) , one can understand that no TiO 2 has been added to the primary values during kaolinization and the TiO 2 positive anomaly had been created due to its immobility. It is worth mentioning that the hydrothermal leaching process removes mobile elements such as Na, K, Ca, and Mg and so the kaolin samples show the lowest values of such elements. These elements, which usually make up the structure of feldspar and mica (Galán et al., 2016) , are released from the structure of the minerals under weathering conditions. This event can be the result of the negative anomaly of mobile elements in fully altered samples. The mean value of Fe 2 O 3 is a key factor in the kaolin utilization industry. Kaolin samples with high Fe 2 O 3 content appear reddish and this can be considered as a deficiency for kaolin application.
The average content of Fe 2 O 3 in the studied samples is 2.3 wt.% while the pure kaolin samples (K05, K07, and K06) show 0.32, 0.17, and 0.06 wt.% Fe 2 O 3 contents, respectively. Low Fe 2 O 3 contents can be considered as an advantage for Kejal kaolin applications.
The concentration variations during hydrothermal alteration and the kaolinization process have been evaluated by many researchers using different methods. The immobile elements method (Nesbitt, 1979; MacLean and Kranidiotis, 1987; MacLean, 1990; Nesbitt and Markovics, 1997) , isocon method (Baumgartner and Olsen, 1995; Grant, 2005) , and volume factor method (Gresens, 1967) are the most popular tools in this regard. In the present study, we applied the immobile elements method to evaluate elemental changes during the kaolinization process. Among the immobile elements (Al, Ti, Zr, and Y), Ti shows the least mobility in the Kejal kaolinization profile (Figure 9a ). Thus, Ti was chosen as an index element and the variation of the other constituents was calculated based on Ti values. Due to the decomposition of Ti-bearing minerals such as ilmenite and pyroxene, this element can be released to the hydrothermal system and, in some cases, Ti establishes itself in the structure of anatase and rutile. Augite usually contains 0.5%0.8 wt.% TiO 2 (Deer et al., 1992; . Ligas et al. (1997) ; Sardinia clays from Strazzera et al. (1997) ; Abarkouh kaolin from Mahjoor et al. (2009) ; Argentine kaolins from Cravero et al. (1997) ; Akharım clays from Kuşcu and Yıldız (2016) ; İstanbul clays from Celik (2010) .
Mass change calculation is one of the most important evaluation methods in the alteration environment. The result of mass change calculations based on Ti concentrations is presented in Table 4 and the mass change values are plotted in Figures 9b, 9c, and 9d (only for the samples K01, K03, K04, and K07). The presented data were obtained using the formula proposed by Nesbitt (1979) :
The mass change calculations of the selected samples (Figures 9b, 9c, and 9d ) reveal high enrichments for SiO 2 and Al 2 O 3 during kaolinization (Figure 9b ). Furthermore, P 2 O 5 is also relatively enriched. The variation of P 2 O 5 concentrations can be considered due to apatite dissolution (Figure 9b ), suggesting that most of the major elements have been removed from the environment. Each element shows different behaviors during kaolinization and these behaviors must be evaluated separately. The oxidation of pyrite along with sulfuric acid production plays a great role in removal and fixation of Fe throughout the kaolinization profile. Na, K, Ca, Rb, Ba, and Cs are mobile elements in alterations and the main source of these elements is decomposition of feldspars. The breakdown of ferromagnesian minerals under hydrothermal fluids causes liberation of Mg, Mn, Co, Ni, and Cu into the system and that is the reason for the negative anomaly for these elements in the kaolin samples (Arslan et al., 2006; Abedini and Calagari, 2015) . Sr shows fluctuations with different patterns in the severely altered and slightly altered samples (Figures 9c and 9e ).
In the samples with a medium grade of alteration, the concentration of Sr has maximum values (K01, K03, K04, K07, and K09). In these samples, the concentration of Sr is even greater than in the ignimbritic parent rock. The intensely altered samples show low concentration values for Sr (K05, K06, and K07).
High field-strength elements (HFSEs) including Nb, Ta, Hf, Zr, Th, and U show enrichment in the kaolin samples (Figures 9c and 9e) . These elements are relatively immobile in many altered zones (Jiang et al., 2003) , but under acidic pH, a high water/rock ratio, and the accessibility of CO 3 2-, F -, Cl -, PO 3 4-, and SO 4 2complexes, the transportation and fixation of HFSEs varies greatly (Fulignati et al. 1999 ). Salvi and William-Jones (1996) believe that in hightemperature alterations, HFSEs tend to be mobile and Zr can exit the system, whereas in low-temperature systems HFSEs are usually immobile. In the Kejal alteration, the enrichment of HFSEs can be considered as a sign of a lowtemperature hydrothermal system.
Although it is believed that REEs are resistant to mineral decomposition during alteration (Patino et al., 2003; Uysal and Golding, 2003; Karadağ et al., 2009 ), some researchers have proposed that REEs show different behaviors along weathering processes. In general, the composition and mineralogy of parent rock are of the utmost importance and control the mobility and distribution of REEs (MacLean et al., 1987; Hill et al., 2000; Hongbing et al., 2004) .
Therefore, REEs can be released from primary minerals and adsorbed by secondary minerals (Karadağ et al., 2009) . REEs have been investigated by many researchers (e.g., Clark, 1983; Fleischer and Altschuler, 1986; Fleischer, 1987; Solodov et al., 1987; Banifield and Eggleton, 1989; Burt, 1989; Condie, 1991; Braun et al., 1993; Miyawaki and Nakai, 1993; Koppi et al., 1996; Mutakyahwa et al., 2003; Pokrovsky et al., 2006; Ahmadnejad et al., 2017) . These studies show secondary minerals such as Fe-Mn oxides and hydroxides, phosphates, and clay minerals. In general, the concentration of REEs depends on the mineral resistance against weathering. The resistant minerals are usually accumulated in the weathered profile, while the unstable minerals release their REE contents. The released REEs may be accumulated in the supergene zone (Middelburg et al., 1988) .
The REE contents of studied samples are represented in Table 1 . Figure 9f shows the REE values normalized to chondrite while Figure 9d shows REE mass changes in K01, K03, K04, and K07. Based on the obtained data (Table  5) , the highest ΣREE belong to K02 and K09 (201.9 and 316.4 ppm, respectively) . A brief look at the REE diagram ( Figure 9f ) reveals that the REE patterns follow relatively flat trends with a slight enrichment in the Ce group (LREE) relative to the Y group (HREE). The enrichment rate of LREEs/HREEs in the studied sample is 4:1. As a general statement, REEs tend to accumulate on clay minerals in cation form. Considering the low solubility of the Ce group compared to the Y group, LREEs can always accumulate in the upper parts of weathering profiles along with clay minerals (Nesbitt, 1979; Nesbitt and Wilson, 1992; Al-Ani and Sarapaa, 2009) . LREE concentrations in the Kejal kaolinized horizon can be explained by this fact.
Eh and pH control REE mobility more than the other parameters. The relatively acidic environment during chemical weathering and kaolinization causes the removal of elements from the parent rock. The REE adsorption by clay minerals increases when pH rises. A pH range of 7-9 is the most suitable condition for the adsorption of REEs by clays. The presence of kaolinite as the main clay mineral in Kejal kaolin samples on the one hand and the REE concentrations on the other hand reveals the role of kaolinite in REE accumulation in these samples. As mentioned by Coppin et al. (2002) , kaolinite adsorbs REEs from hydrous phases. The positive correlation between Al 2 O 3 and ΣREE (R 2 = 0.51) (Figure 10a ) can be due to the adsorption by clay minerals (McBride, 1987) . There is a good positive correlation between TiO 2 and ΣREE (Figure 10b ), suggesting the role of Ti minerals like ilmenite, pyroxene, rutile, and anatase in REE establishment (Deer et al., 1992) . On the other hand, the considerable percentage of P 2 O 5 in some samples (Figure 9a ) and the positive correlation between P 2 O 5 -ΣLREE (R 2 = 0.9) and P 2 O 5 -ΣREE (R 2 = 0.74) ( Figures  10c and 10d ) demonstrate the effect of some accessory REEbearing minerals like monazite (Ce, La, Nd, Th) (PO 4 ,SiO 4 ) in REE attraction. In general, the comparison of REE diagrams for kaolin and the parent rock (Figure 9e ) shows relatively similar patterns but different concentration values. Some samples show a high concentration of REEs relative to precursor rock and some others, especially K06, show values lower than that of precursor rock. Since K06, as an example of intensely altered rock, has experienced silicification, it chiefly contains SiO 2 while being depleted in other constituents.
Gd shows a marked positive anomaly (Figure 9f ). Gd is classified as MREE or HREE. Gd has special properties and is applicable in different fields of study. During the 1980s, because of its paramagnetic properties, GD was used as a contrast agent in magnetic resonance imaging (MRI). This REE behaves like Ca 2+ from a geochemical point of view (Rabiet et al., 2014) . Many authors have reported Gd anomalies in surface and underground waters (Möller et al., 2000 (Möller et al., , 2002 Nozaki et al., 2000; Elbaz-Poulichet et al., 2002; Rabiet et al., 2005 Rabiet et al., , 2009 Verplanck et al., 2005) . Möller et al. (2011) reported that Gd complexes may be decomposed in the presence of some elements such as Cu, Y, and REEs with release of Gd 3+ to the environment. Since Ca is one of the major elements in the composition of ignimbritic parent rock (in the structure of aluminosilicates such as plagioclase) in the Kejal area, the Gd anomaly in the Kejal kaolin is most likely related to the primary Ca content of the parent rock. Furthermore, the decomposition of Gd complexes in the presence of competitor elements or the high Gd content of hydrothermal fluids can be considered as other reasons for the positive Gd anomaly in kaolin samples. Eu and Ce anomalies are suitable tools to interpret the geological and physicochemical conditions of the environment (De Baar et al., 1983; Braun et al., 1990; Bau, 1999; Davranche et al., 2005; Class and Le Roex, 2008; Leybourne and Johannesson, 2008; Mameli et al., 2008; Seto and Akagi, 2008; Kerrich and Said, 2011; Chetty and Gutzmer, 2012; Mongelli et al., 2014) . In the current study, we used the formula proposed by Taylor and McLennan (1985) :
Eu/Eu * = Eu N /[(Sm N × Gd N )] 1/2 , Ce/Ce * = 2Ce N /(La N + Pr N )
Here, Eu and Ce represent europium and cerium and Eu N , Sm N , Gd N , Ce N , La N , and Pr N represent normalized europium, samarium, gadolinium, cerium, lanthanum, and praseodymium, respectively.
The Eu patterns on the REE diagram normalized to chondrite show slight depletion (Figure 9f ). Table  5 represents the results of Eu/Eu * calculations for the studied samples, which change between 0.15 and 0.48. As mentioned in the previous sections, most rock units in the Kejal area have been subjected to severe alterations. Furthermore, as Eu has a high concentration in the composition of Ca-plagioclase, during the kaolinization and the alteration of feldspars to clay minerals under high temperatures and redox conditions, Eu 3+ changes to Eu 2+ and leaves the system. The negative Eu anomaly in the Kejal kaolins could be due to this process. On the other hand, the oxidation of pyrite and the formation of fluids of an acidic nature can also cause such a negative anomaly.
Among REEs, Ce with high ionic potential has a different behavior (McLennan, 1989) . Ce and La show high values compared to the other REEs in the study area. Ce can be naturally found in the forms of Ce 3+ and Ce 4+ . Ce is usually accumulated in oxidant environments and upper parts of the weathering profile in the form of Ce 4+ (Braun et al., 1990; Mongelli, 1997; Ji et al., 2004; Mameli et al., 2008; Wang et al., 2013; Mongelli et al., 2014; Zamanian et al., 2016) . As can be seen from Table 5 , Ce/Ce * ratios range between 0.73 and 1.01 in the Kejal kaolins. These values represent a positive anomaly that can be produced under oxidizing conditions.
Application potentials
The feasibility study of kaolin applications in industrial affairs makes it possible to use this nonmetallic material appropriately. Kaolin has traditional and technological uses in different industries such as paper, ceramic, paint, abrasive, and plastic industries. Therefore, the first step in determining the final consumption is the study of the physicochemical properties of kaolin samples. Here we have evaluated the physicochemical characteristics of the Kejal kaolin deposit and compared it with the present industrial standards.
Paper industry
Kaolin is the main white material used in the paper industry for filler and coating purposes. As filler, its function is related to the internal network of the paper, whereas as coating it enhances the surficial properties of paper, such as brightness, smoothness, glossiness, and ink receptivity.
The analysis of grain size distribution in kaolin deposits is a very important step in the evaluation of kaolin for industrial uses. The reason is that the grain size of kaolin particles affects the quality of kaolin's final products; hence, fine particles (<2 µm) are the most desirable.
Since finer kaolinite particles have improved brightness and gloss characteristics and superior hiding power, coating grades are much finer than filler grades, with typically >75% of 2 µm particles compared to >30% of 2 µm for filler grades (Table 6 ).
As seen in Table 2 , the frequency of <2 µm particles in the studied samples is almost 20% and that of particles greater than 10 µm (10-25 µm) is about 30%. These distribution ranges represent the dominant frequency of medium sizes. Therefore, the use of the studied kaolin samples is not recommended for coating purposes, but the results of particle size testing are close to the values needed for filler applications and under special circumstances these kaolins can be used as filler.
The use of kaolin in the paper industry is dependent on particle size rather than other parameters. However, the other characteristics are still important. Among these characteristics, the chemical composition of kaolin is worth noting. Different chemical compositions may cause special colors. For example, the high iron oxide content of kaolin samples may cause a red color, which is considered as a deficiency for use as a white raw material. Regarding the low iron content of the fully altered (pure) kaolin in the study area (K05 = 0.32, K06 = 0.06, and K07 = 0.17 wt.%), these kaolin samples possess enough whiteness, and if the other parameters are suitable, this kaolin can be used in the paper industry.
Ceramic industry
Clay is an essential raw material in ceramic products, composing 25%-100% of the ceramic body. Kaolin is one of a number of clays used in this industry. Kaolin makes up an average of 25% of earthenware, 60% of porcelain, 20%-30% of vitreous-china sanitary ware, and 20% of electrical porcelain and wall tiles (Jepson, 1984) .
In general, the kaolin used in ceramic industry requires high Al 2 O 3 content. Table 6 represents the chemical composition of kaolin used in some products in the ceramic industry. As seen in Table 6 , products such as super standard porcelain and sanitary ware should have high alumina contents and therefore only kaolins with high Al 2 O 3 contents are used as raw materials for these purposes. On the other hand, the silica content of this raw material should be less than 50% in super standard porcelain and sanitary ware products.
Low-grade kaolin is usable for different purposes after processing. For example, dry or wet dressing of raw kaolin composed of SiO 2 (up to 70%), Al 2 O 3 (up to 22%), Fe 2 O 3 (up to 1.5%), and CaO + MgO + alkalis (up to 3%) and characterized by refractoriness of about 1530 °C would yield white kaolin concentrate containing 46.07% to 46.85% SiO 2 , 31.78% to 39.83% Al 2 O 3 , 0.30% to 0.73% Fe 2 O 3 , 0.25% to 0.35% TiO 2 , and 0.15% to 0.56% CaO with LOI of 13.34% to 13.97%. The refractoriness of the concentrate would be about 1690 °C, with its white color index ranging from 65% to 88% (Sabov et al., 1985) .
The alumina and silica contents of the studied kaolin samples are slightly different from the required composition for super standard porcelain and sanitary ware products, but these kaolins are applicable in other products such as ceramic floor tiles. Furthermore, after processing, this kaolin can be used for other aims.
Particle size is also important in order to identify the application possibilities of kaolin in the ceramic industry. In high-quality ceramics like super standard porcelain, more than 85% of the grains should be <2 µm, whereas in some products such as floor tiles there is no need for high percentages of <2 µm particles.
In both the ceramic and the paper industries, the main reason for the use of kaolin is its particular properties such as high brightness, low abrasiveness, and small particle size. The relatively low cost of kaolin, while being an important factor, is not nearly as important as the physical characteristics of the mineral. In the applications discussed in this section and also other cases such as rubber and paint, the lower cost of kaolin and its physical properties are important.
REE extraction potential
With regard to industrial and technological advancement in recent years, the demand for REEs has greatly increased and less conventional sources of REEs are being explored for economic viability. Over the past years, four primary types of deposits have been known for containing REEs (Van Gosen, 2014). These deposits include carbonatites, alkaline igneous rocks, ion-adsorption clays, and monazite-xenotimebearing placer deposits (Van Gosen, 2014) . Recent studies, however, suggest the potential of REE extraction from alternative sources such as coal, ocean water, and regoliths associated with coastal plain clays (Foley and Ayuso, 2015; Drost and Wang, 2016; Rozelle et al., 2016) . Gardner (2016) studied the REE contents of Georgian kaolins and evaluated the exploration potentials of this deposit. He found some REE-bearing minerals such as zircon and monazite, which contain considerable amount of REEs.
The REEs in kaolin samples can be due to absorption of these elements by kaolinite. Kaolinite flakes absorb a large part of the released Ce, La, and Nd during kaolinization and weathering (Papoulis et al., 2004) .
ΣREE values of kaolinized samples were calculated for Kejal kaolin and are presented in Table 5 . The highest ΣREE is that of K03 (201.93 ppm) . Although the concentrations of REEs in Kejal kaolin samples are considerable, these REE contents are not close to economic grades. Based on the XRD analyses, there is no sign of REE-bearing minerals such as monazite or zircon in the studied samples. The absorption of REEs by clays is most likely the main agent of REE concentration. Table 6 . Physical and chemical parameters required for kaolin applications. The required particle size values for paper industry from Bloodworth et al. (1993) and the chemical composition of kaolin used in some products of ceramic industry from Bloodworth et al. (1993) and Fatahi et al. (2017) 
Conclusions
Upon the evaluation of geological and geochemical characteristics of the Kejal kaolin deposit, we obtained the following results: -From a geological point of view, the Kejal kaolin deposit is located in an alteration zone that has experienced medium to advanced grades of argillic alterations. The kaolin product in this area is observable in a white to red spectrum of colors. The parent rock of kaolin is ignimbrite, and volcanic tuff and kaolinization intensely occur along faults and fractures. At some points, silicification has a remarkable outcrop, which has considerably reduced the quality of kaolin.
-Based on XRD analysis, kaolinite is the main clay mineral in the studied samples. Quartz and cristobalite consist of the silica minerals of the deposit, and anatase is found in trace amounts in some parts.
-Major oxides follow the distribution order of SiO 2 > Al 2 O 3 > Fe 2 O 3 > TiO 2 > CaO > P 2 O 5 > K 2 O > Na 2 O > MgO > MnO in the pure kaolin. The maximum Al 2 O 3 and TiO 2 contents in the samples are 19.2% and 1.08%, respectively. SiO 2 has been highly concentrated in most of the samples and shows 73% on average. It seems that the replacement of Al with Si occurred in kaolins and increased the SiO 2 content of the samples; nevertheless, there is a possibility of Al removal due to high water/rock ratios.
-The mass change calculations considering TiO 2 as an immobile monitor element show the enrichment of Si, Al, P, Sr, Ga, Nb, Zr, Hf, Th, U, La, Ce, Nd, and Gd and depletion of Fe, Na, K, Ca, Mg, Mn, Cu, Ni, and Zn during the kaolinization process.
-The REE contents of studied samples normalized to chondrite show similar patterns. There is an enrichment in LREEs compared with HREEs. The Gd positive anomaly and Eu negative anomaly are also observable. LREE enrichment can be due to low solubility potentials of these rare elements. The Gd positive anomaly is most likely caused by the decomposition of Gd complexes in the presence of competitor elements such as Cu, Y, and REEs. The similar behavior of Gd and Ca and the abundance of Ca in the ignimbritic parent rock can be another reason for the positive anomaly of Gd.
-The bivariate plots of REEs and major oxides show good positive correlations between TiO 2 -ΣREE (R 2 = 0.7), Al 2 O 3 -ΣREE (R 2 = 0.51), P 2 O 5 -ΣLREE (R 2 = 0.9), and P 2 O 5 -ΣREE (R 2 = 0.74). It is implied that clay minerals such as kaolinite, Ti-bearing minerals like rutile and anatase, and REE-bearing phosphate minerals such as monazite have played an important role in the concentration and establishment of REEs during Kejal kaolinization.
-The negative Eu anomaly in the studied samples is related to the alteration of feldspars and the formation of clay minerals. This process has removed Eu 2+ from the environment and caused the negative Eu anomaly. The Ce positive anomaly could be due to the oxidation of Ce 3+ to Ce 4+ and the concentration of Ce in the system.
-The particle size test carried out based on a hydrometer test for the Kejal kaolin samples reveals particle size distribution patterns in which medium-sized particles (10-25 µm) are dominant (30%) and the frequency of <2 µm particles is almost 20%.
-Some other physical properties of Kejal kaolin were measured and calculated including specific gravity (2.45-2.62), moisture content (0.379%-0.866%), natural weights and dry and saturated weights (42.16-80.81, 42-89.8, and 58.6-89.8) , and viscosity (37.9-39.3 P). Among these properties, the viscosity of kaolin pulp is an important parameter and the low viscosity of the studied samples reveals a suitable viscosity level for the paper industry.
-The medium particle size, high silica content, and intermediate alumina content of the Kejal kaolin deposit indicate that although this kaolin is not applicable for several special purposes such as super standard porcelain and sanitary ware in the ceramic industry or coatings in the paper industry, this kaolin can be used after simple processing in floor tile manufacturing and as a filler material in the paper industry.
-The REE concentrations in the studied samples represent considerable values. Even though these concentrations are worth noting, these concentrations are not comparable with REE economic sources. The lack of REE-bearing minerals such as monazite and zircon can be thought of as a reason for the relatively low concentration.
